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In this work, La 2 Ni0 4+6 is used as cathode material for Intermediate temperature solid oxide fuel cells (IT SOFC). Scanning electron microscopy, X ray diffraction, and electrochemical impedance spectroscopy are used to investigate the effect of the presence of an ultrathin l.a 2 Ni04+11 layer (80 nm) deposited by clip coating or sputtering at the interface YSZ/l.a2Niû4+6-The thick porous cathode layer of l.a2NiÜ4+6 is deposited by screen printing, and sintered at 1000 •c for 2 h or 1200 •c for 20 min in order to study the effect of sintering temperature on the electrochemical properties. The results show that the electro chemical performances of the cathode are infl uenced by the deposition technique. The best electro chemical properties are obtained with the use of the nano film interface layer deposi ted by sputtering. The introduction of ultrathin interface with nano grained between the cathode and electrolyte is a promising technique to reduce polarization resistance associated with oxygen reduction reaction (ORR) on the cathode.
Introduction
Solid oxide Fuel cell (SOFC) is a device where the chemical en ergy is converted to electrical energy. The most important chai lenge in SOFCs development is the reduction of the working temperature from 800 1000°C to 500-700°C which reduces manufacturing costs, owing to use of inexpensive materials, such as stainless steels for interconnects and decreases materials degra dation. However, decreasing the temperature leads an increase in the ionic conductivity of the solid electrolyte and in the polariza tion resistance of the electrodes, in particularly at the cathode side. The ohmic loss is usually decreased by the reduction of the con ventional electrolyte thickness, yttria stabilised zirconia (YSZ), or by finding a new material exhibiting a high ionic conductivity (1) (2) (3) (4) (5) . For the electrode, the high cathode polarization may be reduoed by improving the microstructure at the interface electro lyte/cathode and/or a development of new cathode materials with high electrochemical activity as the mixed ionic and electronic conductors (MIECs) (6) (7) (8) (9) .
Recently, the family of compounds A2MO4+o with the K2NiF4 type structure has attracted more attention as alternative cathode materials for intermediate temperature SOFCs (IT SOFCs) (8, 9] due to their high electronic conductivity, thermal expansion coefficients (TECs) dose to the solid electrolyte, high electrocatalytic activity, and some oxygen overstoichiometry which enhanoes the oxygen ionic conduction (10) (11) (12) (13) . Among those materials, La2NiO4+ô has shown a wide range of oxygen overstoichiometry and presents one of the highest oxygen diffusion values (14] . The structure of La2NiO4+o is built of alternative rock sait La2O2 and perovskite NiO2 layers, and can contain a significant oxygen excess (14) (15) (16) (17) . The ionic transport takes place through diffusion phenomena of inter stitial ions in the vacanàes in the perovskite layers and the rock sait layer (8, 18] .
Development of new architecture ofSOFCs has been extensively investigated. It is reported that the electrode performance can be improved by using an interlayer thin film with fine microstructure at the interface electrolyte/electrode and covered by a thick and porous layer with large grain sizes [19e22] . The fine electrode microstructure close to the electrolyte increases the reaction zone by the enlargement of the triple phase boundary (TPB), the elec trochemical active surface area and improved oxygen reduction reaction (ORR) kinetics [15, 23] .
The present work is focused on the optimisation of thick layer of La 2 NiO 4þd obtained by screen printing to analyse their structural and electrochemical performance and compare them in a new configuration with ultrathin layer (80 nm) of La 2 NiO 4þd deposited at the interface YSZ/La 2 NiO 4þd by dip coating or sputtering, developed in two laboratories, d CIRIMAT and c LSGS, respectively.
The electrochemical performances of all the samples were realised in the same entity, b IRCP.
Experimental

Preparation of electrolyte substrates
The electrolyte substrates are prepared from an YSZ commercial powder containing 8 mol% of Y 2 O 3 (TZ8Y from Tosoh Corp, Japan). The powder is pressed into pellets of 19 mm diameter and sintered at 1350 C for 2 h in air. The density of the samples is up to 95%.
YSZ Pellets are mirror polished with an average roughness of about 10e15 nm and cleaned in ultrasonic baths of acetone and then in ethanol using an ultrasonic bath.
Preparation of precursor and deposition of La 2 NiO 4þd ultrathin film with dip coating or sputtering
The Lanthanum nickelates ultrathin films (80 nm) were sputter deposited on glass slides and YSZ substrates by co sputtering of La and Ni metallic targets in the presence of a reactive argoneoxygen gas mixture. The experimental device is a 40 L sputtering chamber pumped down via an oil diffusion suction system allowing a base vacuum of about 10 À4 Pa, equipped with two targets separated by 100 mm with a rotating substrate holder positioned parallel to the target surfaces as shown in Ref. [24] . In addition, the target to substrate distance was set to 50 mm for the La target and to 80 mm for the Ni target. The substrate was positioned at 50 mm from the center of the substrate holder. The La targets, 50 mm in diameter, are mounted on unbalanced magnetrons and were powered by Advanced Energy generators. The Ni target was powered using an advanced energy direct current MDX 1.5 K generator and the La target was powered using an advanced energy pulsed DC Pinnacle þ5 kW generator. The argon and oxygen flow rates were set to 30 sccm for argon and 10 sccm for oxygen and resulted in a working pressure of 0.5 Pa. The discharge current applied to the La and Ni targets were 1 A and 0.1 A for the La and Ni target, respec tively. These conditions allowed obtained a La/Ni ratio of atomic concentrations of 2 as shown in a previous study conducted on the same deposition chamber [24] . Coating thickness is determined by the step method with a Talysurf profilometer. On the other hand, the sol employed for the ultrathin layer deposited by dip coating corresponding to La 2 NiO 4þd phase is prepared by using a polymeric route similar to this outlined by Pechini [25] . Pure metal nitrates, La(NO 3 )$6H 2 O and Ni(NO 3 ) 2 $6H 2 O are used as starting salts. They are dissolved in water in stoichiometric amounts [26] . The solution was mixed to an organic solution of hexamethylenetetramine and acetyl acetone with a molar ratio (1:1), in acetic acid. Therefore, a range of molar ratio of complexing agent to nitrate species (called R) has been defined. Pure phase is obtained for R ratio ranging from 2 to 3. The resulting solution was then stirred and heated in air at 70 C until sols. Lanthanum nickelates ultrathin layers are, dip coated on polished mirror Yttria Stabilised Zirconia (YSZ) polycrystalline substrates. The optimal heat treatment to fire the samples is 1000 C during 2 h in air with a heating rate of 100 C/h in order to get a well determined oxides structure [26] .
Deposition of La 2 NiO 4þd thick cathode by screen printing
The La 2 NiO 4þd oxides are prepared using the solid state reac tion. A stoichiometric mixture of rare earth oxide (La 2 O 3 , Strem, 99.99%) and nickel oxide (NiO, Aldrich, 99.9%) is annealed at 1300 C and grounded using a milling attritor. After this treatment, the obtained average particle size is around 1 mm.
The screen printing ink is prepared using a La 2 NiO 4þd powder mixed with a commercial organic binder (PVB). A solvent is added to obtain adequate ink viscosity (X g of powder with 85% X g of solvent (terpineol) þ 4% X g of dispersant (Dolapix) þ 14% X g of binder). Ink is deposited on YSZ pellet. The layer is then dried at 120 C and annealed at 1000 C for 2 h or 1200 C for 20 min with a temperature rising rate of 15 C/min. The whole electrode thickness is about 10e15 mm.
Microstructural and electrical analysis
Different techniques are used to characterise the YSZ/La 2 NiO 4þd samples. Crystallinity is determined by X ray diffraction (XRD), the microstructure and the thickness of the samples are investigated using scanning electron microscope (SEM) and the electrical properties are analysed by impedance spectroscopy.
The surface morphology and the microstructure of the cross section of the samples are investigated using scanning electron microscope SEM (S440, FEG). The thickness of the deposits is determined from cross sectional SEM micrographs. X ray diffrac tion analysis is determined using a Co K a radiation (l 1.78897 Å) with 2q varying from 25 to 73 . The diffraction pattern is scanned by steps of 0.02 with 2 s counting times.
Electrical measurements are performed by impedance spec troscopy, using a PGSTAT 20 potentiostat, Autolab Ecochemie BV (Amsterdam, Netherlands). Impedance spectroscopy measure ments are carried out under ambient atmospheric air as a function of the temperature. A specific two electrode asymmetric configu ration is used [27] . With respect to the system linearity, 50 mV ac signal amplitude is applied, without DC polarization. Each imped ance measurement is carried out in the 1 MHze10 mHz frequency range, with 11 points per decade. The temperatures vary from 390 C to 700 C. The numbers show in the impedance diagrams indicates the logarithm of the measuring frequency. The impedance data is deconvoluted by the software EQUIVCRT [28] .
Results and discussion
The X ray diffraction patterns at room temperature for La 2 NiO 4þd thick layer deposited by screen printing onto YSZ sub strate and annealed at 1000 C for 2 h or 1200 C for 20 min are shown in Fig. 1 . There is no significant reaction between the La 2 NiO 4þd cathode and the electrolyte when the sample is sintered at 1000 C for 2 h (Fig. 1a) . The peaks corresponding to the pure and well crystallized K 2 NiO 4 structure (JCPDS, ref. 72 1241) can be observed. However, there is a slight reaction when the La 2 NiO 4þd cathode is screen printed onto YSZ and sintered at 1200 C for 20 min, leading to the formation of impurity phase as shown in (Fig. 1b) . According to the literature [29, 30] and La 4 Ni 3 O 10 using transmission electron microscopy (TEM) after a long term decomposition experiment of La 2 NiO 4þd at 1000 C in flowing air for two weeks [31] . This result is also partly confirmed by the theoretical study using density functional theory (DFT) [29] . It should be noted that the formation of La nþ1 Ni n O 3nþ1 (n 2 and 3) phases present a beneficial effect with high electrical transport properties (high electronic conductivity) [32e34] . No decomposi tion of La 2 NiO 4þd or chemical reaction with YSZ were found at 1000 C. Nevertheless, reactivity or decomposition were observed at 1200 C according to DRX (Fig. 1) .
The sintering temperature dramatically affects the microstruc ture of the electrode. Fig. 2 shows the SEM micrographs for La 2 NiO 4þd films sintered at 1000 C and 1200 C. It can be seen that fine rand smaller particles can be obtained when the sintered temperature decreased (1000 C). The sample sintered at 1200 C possesses low porosity and inhomogeneous pore size distribution. The comparison of the figures of the two samples illustrates the coarsening of the La 2 NiO 4þd microstructure that occurs with the annealing. Larger particle sizes decrease not only the porosity but also the TPB and limits the gas transport in the gas phase to the electrode, leading to the decrease in electrochemical reaction area.
The cross section SEM micrographs of the two samples are shown in Fig. 3 . It can be seen that the La 2 NiO 4þd cathode and the YSZ electrolyte attached well. Indeed, it is clearly shown the high densification of the electrolyte and the porosity of the cathode film. The thickness of the cathode for the two samples is around 13e15 mm (Fig. 3a, c) . Homogeneous distribution of particles and pores is shown throughout the whole electrode thickness, partic ularly in the sample sintered at 1000 C (Fig. 3a) . The difference in the particles sizes and porosity between the two samples is well observed. Large and coarse particles are obtained after 1200 C anneal of 20 min. The interface between the La 2 NiO 4þd cathode and the YSZ electrolyte are shown in more detail in Fig. 3b, d . It can be observed the presence of a new phase with small particles at the interface YSZ/La 2 NiO 4þd for the sample sintered at 1200 C (Fig. 3d) , which confirms the impurity phase observed in the X ray diffrac tion (Fig. 1b) . However, no significant reaction between the La 2 NiO 4þd cathode and the electrolyte is observed when the sample is sintered at 1000 C (Fig. 3b) . Fig. 4 shows the Arrhenius plots of the polarization resistance of the two samples with La 2 NiO 4þd thick screen printed layer and annealed at 1000 C and 1200 C. For the thick cathode layer deposited onto YSZ, the lowest polarization resistances are found for the La 2 NiO 4þd sintered at 1000 C. The decrease of performance of sample sintered at 1200 C can be attributed to the degradation of the interface YSZ/La 2 NiO 4þd with the formation of ion blocking phase at the interface as it can be seen in the X ray diffraction and SEM micrograph of Figs. 1 and 3 . In order to confirm this result, tow simples of YSZ/La 2 NiO 4þd with an ultrathin interfacial layer deposited by dip coating are prepared and annealed at 1000 C for 2 h and 1200 C for 20 min. Fig. 5 shows SEM micrographs of the surface morphology and the cross section of the fractured surface of the ultrathin films deposited at the interface YSZ/La 2 NiO 4þd by dip coating onto YSZ substrate. After annealing of the ultrathin films at 1000 C for 2 h, the SEM micrographs show that the fired film exhibits small pores as well as small solid phase islands. The microstructure presents a homogeneous distribution of the islands sizes and is very fine. The particle sizes in the ultrathin layer are clearly much smaller than those deposited by screen printing, and the surface appears denser. The X ray diffraction (XRD) patterns at room temperature for La 2 NiO 4þd ultrathin layer deposited by dip coating or double layer prepared with ultrathin layer deposited by dip coating and recovered by a thick layer and annealed at 1000 C for 2 h and 1200 C for 20 min are shown in Fig. 6 .
The X ray diffraction analysis reveals that the cathode has a pure and well crystallized K 2 NiO 4 structure. The peaks corresponding to the YSZ substrate can be observed. For the YSZ/LSM (dip coating) sample (Fig. 6a) , the intensity of the lines corresponding to the La 2 NiO 4þd phase is very low compared to the YSZ substrate, which is due to the La 2 NiO 4þd ultra thin layer (80 nm) deposited by dip coating. The cathode peaks become well defined when a thick La 2 NiO 4þd layer is deposited as it can be seen in the two other samples (Fig. 6b, c) . The typical impedance spectra obtained at 600 C by impedance spectroscopy of the two samples with inter facial layer of La 2 NiO 4þd and annealed at 1000 C and 1200 C are presented in Fig. 7 a. In general, the spectra measured presents two contributions. The first contribution, in the high frequency range, is smaller (up to 100 KHz), whereas, the second contribution, attrib uted to the electrode responses, at medium and low frequencies are predominant and well defined in the frequency range used. The impedance diagrams of Fig. 7 a show that the two samples have the same responses at high frequency (HF) which is attributed to grain and grain boundary resistances of YSZ electrolyte [27] . The two other arcs are assigned to the phenomena occurring at the elec trode and electrode/electrolyte interface. This indicates that the O 2 reduction on the La 2 NiO 4þd cathode is controlled by at least two different processes. The associated equivalent circuit used to fit the experimental data is shown in Fig. 7 b, in which each arc is adjusted to R CPE elements in parallel. The appearance of the arcs in the impedance diagrams are related to the rate determining steps in the oxygen reduction on the La 2 NiO 4þd electrode. The medium frequency contribution is assigned to oxygen ion transfer across the electrode/electrolyte interface and charge transfer process, and the low frequency contribution is related to molecular oxygen disso ciation, oxygen diffusion through the electrode layer and adsorp tion phenomena on the porous La 2 NiO 4þd surface [35e38] .
The low electrode polarization resistance is obtained when the sample is sintered at 1000 C for 2 h as it can be seen in Fig. 8 . This result can be explained by the relationship between the sintering process of the La 2 NiO 4þd and the grains growth with their subse quent coalescence. Fig. 9 illustrates the difference between the ef fects of 1000 and 1200 C temperature sintering on sample microstructure. The SEM micrographs show microstructural changes that can explain the observed result. The thick cathode layers sintered at 1000 C for 2 h presents a porous and homoge nous structure, the particles are well connected and the smaller particles coalesced to form larger aggregates (Fig. 9a) . The cathode particle sizes are around 0.2e0.3 mm. The particle sizes are less homogeneous; it can be seen small grains size less than 0.1 mm attached to larger grains (0.4 mm). The porosity distribution of the cathode in Fig. 9 b appears less homogeneous than that in Fig. 9 a and the porosity is smaller, due to 200 C higher sintering tem perature. As a result, the good electrochemical performance of the cathode sintered at 1000 C can be attributed to this difference in the microstructure. This temperature is used to sinter the sample with the La 2 NiO 4þd ultrathin interlayer deposited by sputtering. The X ray diffraction of the sample with sputtered ultrathin layer presented in Fig. 6d confirm the presence of a pure and well crystallized K 2 NiO 4 structure. Fig. 10 shows clearly that the polarization resistance (Rp) of the sample with an ultrathin interlayer deposited by sputtering is smaller than that observed of the sample with an interlayer deposited by dip coating and sintered at the same temperature, 1000 C/2 h. The Rp of cathode decreases by around two orders of magnitude. The significant improvement achieved with a thin La 2 NiO 4þd compact layer between the dense electrolyte and porous electrode is a result of contact at the interface YSZ/La 2 NiO 4þd enhancing the oxygen ion transfer to the electrolyte. In the tem perature range studied here, it is clear that the addition of the compact ultrathin interlayer deposited by dip coating or sputtering reduces the resistances assigned to the electrode processes compared to the electrode/electrolyte without interfacial layer (Fig. 10) . The calculated ASR of the best sample with the dense sputtered ultrathin layer at 700 C is given in Table 1 and compared to those values obtained by other authors with symmetrical cell configurations. The lowest ASR is observed with the presence of a compact layer at the interface electrolyte/cathode. This value is approximately 2 times less than the ASR reported by Zhao et al. [39] .
The best performances of sample with interlayer deposited by sputtering can be attributed to the microstructure. Fig. 11 shows the SEM micrographs of the surface of La 2 NiO 4þd cathode deposited onto the ultrathin sputtered layer and the cross section of the fractured surface of the two samples with ultrathin film layers deposited by sputtering or dip coating between the YSZ substrate and the La 2 NiO 4þd thick film. The thick cathode layers deposited onto ultrathin sputtered layer (Fig. 11a, b) presents a porous and homogenous structure, the particles are well connected. The cathode particle sizes are around 0.1e0.3 mm. A slight decrease of the particle sizes is obtained in comparison to that observed with cathode deposited onto dip coating ultrathin layer (Fig. 7a) . The thickness of the La 2 NiO 4þd thin film is about 55e75 nm for the two samples (Fig. 11c, d ). It can be observed that the thin layers of La 2 NiO 4þd cathode are well bonded to the electrolyte and there is clear difference between the thin La 2 NiO 4þd cathode interlayer and the external thick La 2 NiO 4þd cathode layer deposited by screen printing. The microstructures of the thin layers appear dense and lack of porosity. The ultrathin layers are composed of small particles with a good adherence to the YSZ substrates. Furthermore, the particle sizes and the porosity of the ultrathin film at the interface in Fig. 11 c are smaller than those of Fig. 11d . It is well known that fine porosity and fine electrode micro structure are desirable for the interface between the electrolyte and cathode to facilitate the charge transfer reaction. The dense cathode film can decrease the triple phase boundary at the interface, limit gas access and charge transfer reaction leading to Rp increase. This phenomenon is observed in Fig. 11 c and can explain the less electrochemical performance compared to the sample with the sputtered ultrathin film. The fine electrode microstructure close to the electrolyte, in this case the ultrathin layer deposited by sput tering, would significantly increases the cathode performance.
Conclusion
This work is focused on a study of the influence of the use of an ultrathin layer of La 2 NiO 4þd at the interface electrolyte/cathode for SOFC operates at intermediate temperature. SEM micrographs show clearly that the annealing temperature has substantial modifications at the porous La 2 NiO 4þd cathode and the interface YSZ/La 2 NiO 4þd . The porous electrode sintered at 1200 C/20 min degrades faster than the sintered at 1000 C/2 h due to the morphological effects of grain growth and their coalescence, interdiffusion across the electrolyte/cathode interface with forma tion of new ion blocking phases at the interface. Electrochemical impedance spectroscopy demonstrates that the presence of ultra thin sputtered La 2 NiO 4þd interlayer with fine microstructure and porosity at the interface between yttria stabilised zirconia elec trolyte and thick layer deposited by screen printing improves the electrochemical performance.
